Background
Introduction
Saliva is secreted from salivary glands, but also contains gingival crevicular fluid, serum from the mucosa, epithelial cells, and immune cells that are not derived from the salivary glands [1] [2] . Saliva is an easily accessible biofluid that contains hundreds of components, possibly providing both oral and systematic information. Accumulated evidence has shown that the systematic cascade of appropriate salivary flow is indicative of systemic health, because the development, function, and differentiation of salivary gland cells affects the general health of a whole organism [3] .
Occlusal masticatory stimulation plays an important role in the quality of life of patients. Saliva is crucial in mastication, and its volume and chemical properties affect immune functions and maintenance of health [4] [5] . Occlusal masticatory stimulation increases both the rate of salivary secretion and volume [6] , affecting salivary pH and enzyme function [7] [8] . These changes are also expected to affect the intraoral environment, and thus occlusal masticatory stimulation has a considerable effect on various salivary chemical components.
Comprehensive molecular profiling, for example, omics studies of mRNA and proteins, have been intensively performed to better understand new biological findings and biomarker discoveries [9] [10] . Small organic compounds (<1500 Da), named metabolites, have also been revealed to be informative salivary phenotypes with respect to various diseases, including periodontal diseases, leukoplakia, and cancers [11] [12] [13] [14] . Comparisons of metabolomic profiles of stimulated and unstimulated saliva have been reported, and those using nuclear magnetic resonance (NMR) for a few high concentration metabolites [15] , and gas chromatography (GS) for fatty acids [16] .
In this study, we profiled hundreds of hydrophilic metabolites using capillary electrophoresis-mass spectrometry (CE-MS) [17] , to understand the effect of occlusal masticatory stimulation on the wider metabolomic phenotype of saliva. We analyzed the correlation between salivary secretion volume and metabolomic profile.
Materials and methods

Saliva collection
This study was approved by the Ethics Committee of Kanagawa Dental University (no. 243). Volunteers to provide saliva were recruited at Kanagawa Dental University. Written, informed consent was obtained from volunteers who agreed to serve as saliva donors. Unstimulated saliva and stimulated saliva were collected from 55 subjects using the spitting method and gum test (GC, Tokyo, Japan) [18] . Based on Takeda et al. report [15] , we elected to perform measurements in 55 samples. Subject characteristics are summarized in Table 1 . The present study compared saliva samples collected by the same examiner from subjects at rest and during stimulation by mastication, during the same time period. Although methods for collection of parotid gland saliva and palatine gland saliva have been reported [19] [20] , it is difficult to collect samples during mastication. In the present study, we focused on the assessment of metabolites from whole saliva as a practical collection method for human subjects. Saliva was collected from each subject at the same time of day (16:00), and after fasting for at least 2 h after lunch. First, unstimulated saliva was collected over a period of 15 min. Subsequently, stimulated saliva was collected using the gum test for a period of 10 min. Gustatory stimuli are reported to cause changes in saliva volume [21] . In the present study, we used flavorless, odorless gum to examine stimulation produced by mastication alone. Therefore, the effects of taste and smell are considered to be minimal. During the collection, the sample tubes were kept on ice. Secretion volume was measured during sample collection. The samples were centrifuged at 500 × g (CF-15RX, Hitachi, Tokyo, Japan) for 15 min at 4˚C for separation. The supernatant was transferred to a fresh tube and the samples were immediately stored at -80˚C.
Metabolomic analysis
Metabolomic analysis were used in this study as previously described [22] . Frozen saliva was thawed and filtered to remove macromolecules by centrifugation through a 5 kDa cut-off filter (Pall, Tokyo, Japan) at 9,100 × g for at least 2.5 h at 40˚C. Five microliters of Milli-Q water (Millipore, Bedford, MS) (containing 2 mmol/L each of methionine sulfone, 2-[N-morpholino]-ethanesulfonic acid, D-camphor-10-sulfonic acid, 3-aminopyrrolidine, and trimesate) was added to 45 μL of the filtrate and mixed. CE-time-of-flight-MS was used to simultaneously quantify charged metabolites in positive and negative modes.
Measurement conditions and instrument parameters
Measurement conditions and instrument parameters have been previously described [22] , but used in this study with slight modification. Cation analysis was performed using an Agilent CE system (G1600AX), an Agilent G1969A LC/MSD time-of-flight (TOF) system, an Agilent 1200 series isocratic high performance liquid chromatography (HPLC) pump, a G3251A Agilent CE-MS adapter kit, and a G1607A Agilent CE-electrospray ionization (ESI)-MS sprayer kit (Agilent Technologies, Waldbronn, Germany). Anion analysis was performed using an Agilent CE system (G1600AX), an Agilent G1969A LC/MSD TOF system, an Agilent 1200 series For cationic metabolite analysis using CE-TOF-MS, sample separation was performed in fused silica capillaries (50 μm inner diameter × 100 cm total length) filled with 1 mol/L formic acid as the running electrolyte. The capillary was flushed before each sample injection with ammonium formate for 5 min, followed by Milli-Q for 5 min, and run buffer for 5 min. Sample solutions (approximately 3 nl) were injected at 50 mbar for 5 s and a voltage of 30 kV was applied. Capillary temperature was maintained at 20˚C, and the temperature of the sample tray was kept below 5˚C. The sheath liquid, composed of methanol/water (50% v/v) and 0.1 μmol/L hexakis(2,2-difluoroethoxy)phosphazene (Hexakis), was delivered at 10 μL/min. ESI-TOF-MS was conducted in the positive ion mode. The capillary voltage was set at 4 kV and the flow rate of nitrogen gas (heater temperature of 300˚C) was set at 7 psig. For TOF-MS, the fragmentor, skimmer and OCT RF voltages were 75, 50 and 125 V, respectively. Automatic recalibration of each acquired spectrum was performed using reference standards (13C isotopic ion of protonated methanol dimer For anionic metabolite analysis using CE-TOF-MS, a commercially available COSMO(+) capillary (50 μm × 105 cm) (Nacalai Tesque, Kyoto, Japan), chemically coated with a cationic polymer, was used for separation. Ammonium acetate solution (50 mmol/L; pH 8.5) was used as the electrolyte for separation. Before each injection, the capillary was equilibrated for 2 min by flushing with 50 mmol/L acetic acid (pH 3.4) and then with the running electrolyte for 5 min. The sample solution (approximately 30 nl) was injected at 50 mbar for 30 s, and a voltage of 30 kV was applied. Capillary temperature was maintained at 20˚C and the sample tray was cooled to below 5˚C. An Agilent 1100 series pump equipped with a 1:100 splitter was used to deliver 10 μL/min of 5 mM ammonium acetate in 50% (v/v) methanol/water, containing 0.1 μM Hexakis, to the CE interface. Here, it was used as the sheath liquid surrounding the CE capillary to provide a stable electrical connection between the tip of the capillary and the grounded electrospray needle. ESI-TOF-MS was conducted in the negative ionization mode at a capillary voltage of 3.5 kV. For TOF-MS, the fragmentor, skimmer and OCT RF voltages were set at 100, 50 and 200 V, respectively. The flow rate of the drying nitrogen gas (heater temperature of 300˚C) was maintained at 7 psig. Automatic recalibration of each acquired spectrum was performed using reference standards (13C isotopic ion of deprotonated acetic acid dimer [2 CH3COOH-H]-, 120.03841 m/z), and (Hexakis deprotonated acetic acid [M + CH3COOH-H]-, 680.03554 m/z). Exact mass data were acquired at a rate of 1.5 spectra over a range of 50 m/z to 1000 m/z.
Data analysis
Raw data were analyzed using MasterHands (version 2.17.0.10, Keio University, Yamagata, Japan), which detected all possible peaks, eliminated noise and redundant features, and generated the aligned data matrix [12, 23] . Metabolite identification was conducted by matching the m/z values and the normalized migration times with our standard compounds, and the concentrations of individual metabolites were calculated using both internal and external standards [22] .
Principal component analyses (PCA) were conducted to assess the overall diversity in the metabolomic profiles. The first and second PC (PC1 and PC2) were individually analyzed by subject characteristics. Using two-dimensional PCA, Takeda et al. reported that salivary metabolites from samples taken at rest differ from those obtained after stimulation of saliva production by acid [15] . Analogous to these analyses, we assessed the differences between saliva taken at rest and saliva taken during stimulation by mastication. The Wilcoxon matched pairs test, Spearman correlation, and Wilcoxon test were used for the analyses of sampling methods and the other characteristics, respectively. The Kruskal-Wallis test was used to assess the age-dependent differences. P-values for metabolites were corrected using a false discovery rate (FDR) to account for multiple testing [24] . Metabolite data showing correlated P-values that were less than 0.05 were transferred to pathway analysis using MetaCore (Thomson Reuters Inc., Carlsbad, CA). The geometric mean of fold change (FC) of the concentration of stimulated saliva divided by the concentration of unstimulated saliva was calculated among samples. Maximum FC and half of the minimum FC among the 55 subjects were substituted for the undetected cases in unstimulated and stimulated peaks, respectively.
These data analyses and visualizations were conducted XLStat (version 2014.1.09, XLStat, Paris, France), R-software (2.14.0, R Foundation for Statistical Computing, Vienna, Austria, www-R-project.org), and GraphPad Prism (version 5.0.2 GraphPad Software Inc., San Diego, CA).
Results
Overall view of metabolomic profiles
In total, 137 metabolites were identified and quantified. Of these, 76 metabolites were detected at !80% concentration among samples in either stimulated or unstimulated saliva samples. Among these, three metabolites showed excessively high average concentrations (>500 μM). Urea, propionate, and 5-aminovalerate were partially saturated and eliminated for the subsequent analysis. The remaining 73 metabolites were visualized in a heat map (Fig 1) . The samples were not perfectly clustered into two classes. However, most of the unstimulated saliva samples were aligned to the left side while the stimulated samples were aligned to the right side. Samples that showed similar salivary metabolomic profiles, i.e. metabolite concentration patterns, were aligned closely with each other in this map. Most of the unstimulated saliva samples showed similarity with respect to their profiles, and most of the stimulated saliva samples also showed this tendency. Forty-four metabolites in the stimulated saliva samples showed higher concentrations at significant levels (P<0.05, correlated by FDR). For example, amino acids were clustered into three groups: (1) histidine, phenylalanine, tryptophan, and arginine; (2) glycine, proline, asparagine; and (3) glutamine, serine, valine, leucine, isoleucine, threonine, lysine, alanine, and glutamic acid.
Score plots and loading plots of PCA using the 76 metabolites were visualized (Figs 2A and  3 ). In the loading plots (Fig 3) , all metabolites except for citrate and ethanolamine phosphate were aligned in right side, i.e. PC1>0, indicating that PC1 values positively correlated with overall metabolite concentrations. Meanwhile, metabolites were sparsely distributed in PC2 (Fig 3) , indicating that the PC2 values carried the subject's specific metabolite patterns. Only PC2 showed significant differences (P<0.0001, Wilcoxon matched pairs test) in stimulated saliva samples (Fig 2B) .
The comparison of these PC values with age (S1 Fig) revealed that PC1 values monotonically increased only in unstimulated saliva samples and at significant levels (P<0.0001, Kruskal-Wallis test). This indicates the increase in overall metabolomic concentration with age. In contrast, no other comparisons showed significant changes.
In the comparison of sex (S2 Fig) with PC values, the PC1 values of unstimulated saliva from males were significantly higher than those of females ( S2A Fig). In the comparison of matched stimulated and unstimulated saliva samples for each sex, PC1 significantly increased in females (P = 0.0016) and PC2 significantly increased in both sexes (P<0.0001 for males and P = 0.0001 for females) (S2B Fig). With respect to smoking, both unstimulated and stimulated saliva samples showed no significant differences (S3A Fig) . 
Correlation between metabolomic profiles and salivary secretion volumes
Correlation between metabolite concentrations (R) and salivary secretion volumes of unstimulated saliva ranged from 0.44 to -0.30, and only glycerophosphate showed a significant correlation R = 0.44 (P = 0.040, Spearman test) (Fig 4A) . With respect to stimulated saliva, correlation values ranged from 0.49 to -0.30, and only sarcosine, beta-alanine, and taurine (R = 0.49, 0.45 and 0.42, respectively, and P = 0.0090, 0.022, and 0.035, respectively) showed significant correlation (Fig 4B) . 
Pathway analysis of metabolomic profiles
Metabolites belonging to specific pathways were assessed by pathway analysis. Table 2 ranks metabolic pathways showing differences between unstimulated and stimulated saliva. The urea cycle was ranked highest. In this pathway, and with the exception of putrescine (FC = 0.64, corrected P-value = 1.5×10 −5 ), citrulline (FC = 2.8, corrected P-value = 1.9×10 −5 ), carnitine (FC = 1.9, corrected P-value = 3.2×10 ), orinitine (FC = 1.6, corrected P-value = 0.0099), aspartic acids (FC = 1.5, corrected P-value = 0.0072), and N-acetylglutamate (FC = 1.4, corrected P-value = 0.0061), were elevated (Fig 5) . Amino acid metabolism pathways followed with lower ranks, for example glycine, serine and cysteine (2nd), asparatate and asparagine (5th), and alanine, cysteine and methionine (11th). Primary pathways, such as the tricarbonic acid cycle (8th), pentose phosphate pathway (38th), and pyruvate metabolism (44th), were also included.
Discussion
The quantitative relationship between masticatory stimulation and the composition of saliva was investigated using a metabolome analysis. The correlation between salivary secretion and volume were also analyzed in this study. The mechanism for salivary secretion from acinar cells is well known; the fluid secretion is dependent on the cascade of signals starting from acetylcholine release from parasympathetic nerves, activation of muscarinic M3 receptors, and elevation of cytoplasmic calcium concentrations [25] . Protein secretion is also characterized by the binding of noradrenaline in sympathetic nerves at β1-adrenoceptors, and vasointestinal peptide (VIP) release from parasympathetic nerves to VIP receptors and pituitary adenylate cyclase polypeptide receptors. This leads to the elevation of cyclic AMP, activation of protein kinase A, and induction of protein secretions [25] . A similar mechanism of metabolite secretion is expected. However, reports on metabolite secretion are few, and this study focused on salivary metabolite profiles.
Comparisons of unstimulated and stimulated saliva secretions have been investigated in several reports. Takeda et al. employed proton nuclear magnetic resonance ( 1 H NMR) to quantify 18 salivary metabolites from males, and revealed higher concentrations of 9 metabolites, including alanine, glycine, lactate, and taurine, in stimulated saliva [15] . This was consistent with our observations. The volume of stimulated saliva was compared with the volume of unstimulated saliva among sample groups to resolve the postulation of the effect of dilution on the concentration of the metabolites. However, most of the metabolites in stimulated saliva were higher in concentration or almost constant compared with those in the unstimulated saliva. Although Takeda et al. examined stimulation by acid, the objective of the present study was to compare salivary metabolites associated with stimulation by mastication. Therefore, the present study is novel in that flavorless, odorless gum was used to compare salivary metabolites associated with stimulation by mastication. Additionally, whereas Takeda et al. analyzed salivary metabolites using 1 H NMR spectroscopy, we conducted high-performance analysis with CE-MS [15] . The present study is also original in that it features pathway analysis. We have previously quantified charged metabolites in saliva obtained from healthy young subjects with reasonable oral hygiene (without periodontal disease or gingival inflammation at the least) using the swab and passive drool methods [22] . Both groups of saliva samples were collected by unstimulated methods. However, these salivary metabolomic profiles differed, and probably due to the contact of the swab in the oral cavity which would stimulate the salivary glands despite the low intensity of stimulation. The PCA of these data also showed that the first PC reflected the overall concentration of saliva, which was consistent with the observations in this study.
The first and second PC values were compared with age, sex, and smoking. Interestingly, the PC1 values of unstimulated saliva were clearly dependent on age, despite no significant differences among other comparisons (S1 Fig). Because the PC1 is a factor that characterizes the overall concentration of salivary metabolites (Fig 3) , the overall concentration of unstimulated saliva was determined to depend on age. We collected samples from subjects aged 25-39 years, as individuals in this age range are not affected markedly by caries and periodontal disease. In future, it would be interesting to conduct further assessment of individuals representing a wider age range. Unstimulated and stimulated saliva samples were also compared with respect to sex and smoking factors. The change in PC2 was clearer than for PC1 (S2B and S3B Figs), which implies the change in salivary metabolomic characteristics orthogonal to overall concentrations. Pathway analysis revealed that metabolites changed in many amino acid pathways between unstimulated and stimulated saliva samples (Table 2 ). These pathways are connected to each other, for example, both the urea cycle (1st) and arginine (6th) are well known as aberrant in inflammation [26] , and the methionine-cysteine-glutamate pathway (40th) and glutathione metabolism (50th) are indicators of oxidative stress [27] . The metabolites in these pathways were expected to accumulate in salivary glands. However, we did not perform measurements of the metabolites in salivary glands, but only in saliva samples. This made it difficult to identify the source of metabolite secretion. The use of isotope-labeled metabolites is one way to help identify this source, and is the subject of further study.
There are limitations to be acknowledged. We utilized CE-MS to profile hydrophilic metabolites. Because 99% of the saliva is water, CE-MS is suitable for profiling a wide range of metabolites. However, the profile is not comprehensive, and other less water-soluble chemical compounds, such as lipids, have been confirmed to exist in saliva [28] [29] . Interestingly, the metabolites were not correlated with salivary volume. This implies that the metabolomic profiles have potential to be used as indicators, orthogonal to salivary volume, to characterize the salivary grands. Further analyses with a variety of salivary functions are needed. 
